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Abstract

Semiconducting polymer dots (Pdots) are increasingly used in biomedical applications due to 

their extreme single-particle brightness, which results from their large absorption cross section 

(σ). However, the quantum yield (Ф) of Pdots is typically below 40% due to aggregation-

induced self-quenching. One approach to reduce self-quenching is to use FRET between 

donor (D) and acceptor (A) groups within a Pdot; however, Ф values of FRET-based Pdots 

remain low. Here we demonstrate an approach to achieve ultra-bright FRET-based Pdots with 

simultaneously high σ and Ф. The importance of self-quenching was revealed in a non-FRET 

Pdot: adding 30 mol% of a non-absorbing polyfluorene to a poly(9,9-dioctylfluorene) (PFO) 

Pdot increased Ф from 13.4% to 71.2%, yielding an ultra-bright blue-emitting Pdot. We 

optimized the brightness of FRET-based Pdots by exploring different D/A combinations and ratios 

with PFO and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-phenylene) (PFP) as donor polymers 

and poly[(9,9-dioctyl-2,7-divinylenefluorenylene)-alt-co-(1,4-phenylene)] (PFPV) and poly[(9,9-

dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1’,3}-thiadiazole)] (PFBT) as acceptor polymers, 

and with a fixed concentration of poly(styrene-co-maleic anhydride) as surfactant polymer. Ultra-

bright blue-emitting Pdots possessing high Ф (73.1%) and σ (σR=σabs/σall, 97.5%) were achieved 

by using PFP/PFPV Pdots at a low acceptor content (A/[D+A], 2.5 mol%). PFP/PFPV Pdots 

were 1.8 times as bright as PFO/PFPV Pdots due to greater coverage of acceptor absorbance 

by donor emission—a factor often overlooked in D/A pair selection. Ultra-bright green-emitting 

PFO Pdots (Ф=76.0%, σR=92.5%) were obtained by selecting an acceptor (PFBT) with greater 

spectral overlap with PFO. Ultra-bright red-emitting Pdots (Ф=64.2%, σR=91.0%) were achieved 

by blending PFO, PFBT, and PFTBT to create a cascade FRET Pdot at a D:A1:A2 molar ratio of 

61:5:1. These blue, green, and red Pdots are among the brightest Pdots reported. This approach of 
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using a small, optimized amount of FRET acceptor polymer with a large donor-acceptor spectral 

overlap can be generalized to produce ultra-bright Pdots with emissions that span the visible 

spectrum.
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1. INTRODUCTION

Semiconducting polymer dots (Pdots) are over an order of magnitude brighter than small 

molecule organic dyes, fluorescent proteins, and other fluorescent nanoparticles such as 

quantum dots (Qdots), which results from their large absorption cross section (σ),1–3 and 

have tunable absorption and emission, and good photostability and biocompatibility.4 As a 

result, Pdots have been increasingly used as fluorescent probes in biosensors and bioimaging 

including super-resolution imaging.5–16 Pdots have been developed with emissions that 

span the visible spectrum,17 but ultra-bright Pdots with both large absorption cross section 

(σ) and high quantum yield (Ф) have been elusive. Strategies to increase Pdot brightness 

have focused on increasing Ф by reducing aggregation-induced self-quenching by using 

excess surfactant polymer,18 twisted molecular structures,19 bulky side chains,3 or reduced 

concentration of fluorescent units.20 However, these approaches have resulted in lower σ. 

An alternate strategy to increase Pdot brightness is to use FRET between a large number 

of excited donor (D) groups and a small number of acceptor (A) groups to reduce self-

quenching while retaining high σ.21–23 However, the brightness of FRET-based Pdots has 

been limited by low Ф values.5/16/2023 10:28:00 AM

In FRET, dipole–dipole coupling results in non-radioactive energy transfer from the excited 

state of a donor to a nearby acceptor.24–26 FRET efficiency is highly dependent on the 

distance R between donor and acceptor, falling off as 1/R6. FRET efficiency also depends 

on donor-acceptor spectral overlap, which includes not only the coverage of donor emission 

by acceptor absorbance but also the coverage of acceptor absorbance by donor emission. In 

Pdots, FRET can occur both within and between polymer chains (the maximum effective 

distance of FRET is ~10 nm;24 Pdots are 5–30 nm in diameter); therefore, blending 
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of donor and acceptor polymers can be used to fabricate Pdots with efficient interchain 

energy transfer. This blending approach facilitates screening different FRET donor-acceptor 

combinations and ratios to optimize Pdot brightness while avoiding multi-step synthesis.

Here we optimized Pdot brightness by exploring different pairs of FRET donor- and 

acceptor-containing polymers and blended Pdot compositions to create D/A and D/A1/A2 

(cascade FRET) Pdots. We first explore the importance of reducing aggregation-induced 

self-quenching in a non-FRET Pdot by incorporating different amounts of a non-absorbing 

polymer to optimize Pdot brightness. The blending method for synthesizing FRET-based 

Pdots facilitates the screening of different donor-acceptor pairs and ratios and avoids 

complicated Pdot synthesis. The strategy presented here can be generalized to produce 

ultra-bright Pdots with emissions that span the visible spectrum.

2. EXPERIMENTAL SECTION

2.1. Materials.

Poly(9,9-dioctylfluorene) (PFO, Mw=2.5×104 Da), poly[(9,9-dioctylfluorenyl-2,7-diyl)-

co-(1,4-phenylene)] (PFP, Mw=2.5×104 Da), poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-

co-(1,4-benzo-{2,1’,3}-thiadiazole)] (PFBT, Mw=1.5×104 Da), and poly[(9,9-dioctyl-2,7-

divinylenefluorenylene)-alt-co-(1,4-phenylene)] (PFPV, Mw=2.0×104 Da) were purchased 

from America Dye Source, Inc. (Quebec, Canada). Poly(styrene-co-maleic anhydride) 

(PSMA, Mn=1.9×103 Da) and other chemicals and solvents were purchased from Sigma-

Aldrich (St. Louis, MO, USA).

2.2. Instruments.

Transmission electron microscopy (TEM) of Pdots was performed with a Tecnai F20 

TEM (FEI; Hillsboro, OR, USA). Hydrodynamic sizes of Pdots were characterized by 

dynamic light scattering (DLS) with a Zetasizer Nano S (Malvern Panalytical; Malvern, 

UK). UV-Vis absorption spectra were recorded with a DU 720 scanning spectrophotometer 

(Beckman Coulter, Inc.; Pasadena, CA, USA). Fluorescence spectra of Pdots in solution 

were collected with a Fluorolog-3 fluorometer (HORIBA Jobin Yvon; Edison, NJ, USA). 

Fluorescence quantum yields of Pdots in solution were measured with a Hamamatsu 

photonic multichannel analyzer C10027 (Hamamatsu; Hamamatsu City, Japan) with a CCD 

integrating sphere. Calibration of fluorescence intensity measurements was performed using 

Coumarin-102 dye (Sigma-Aldrich).

2.3. Polymer synthesis.

Poly[(2,3-dimethyl-1,4-phenylene)-co-(1,4-phenylene)] (PF) was synthesized using the 

monomers 1,4-benzenediboronic acid bis(pinacol) ester (0.2 mmol) and 1,4-dibromo-2,3-

dimethylbenzene (0.2 mmol). A mixture of the monomers, Aliquat 336 (1 drop), Pd(PPh3)4 

(5 mg; 0.005 mmol), 2 M aqueous Na2CO3 (3 mL), and toluene (6 mL) was degassed under 

nitrogen. The mixture was stirred at 90 °C for 6 h then the polymer was end-capped with 

0.1 M phenylboronic acid (1 mL) and bromobenzene (1 mL). After cooling, the reaction 

mixture was poured into 100 mL of methanol and filtered. The precipitate was collected 

and dissolved in 50 mL of dichloromethane, washed three times with 50 mL of water, 
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dried with anhydrous Na2SO4 then redissolved in 5 mL of dichloromethane. After filtration 

through a 0.2-μm pore size PVDF syringe filter and evaporating the solvent, the residue was 

precipitated by stirring in 100 mL of methanol. A white product was obtained after drying in 

vacuum, with a yield of 32% (Mn=7.2×103 Da, PDI=2.2).

Poly((9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-

benzothiadiazole]-2’,2”-diyl) (PFTBT) was synthesized 

as above except using the monomers 9,9-dioctylfluorene-2,7-

diboronic acid pinacol ester (0.2 mmol), 9,9-dioctyl-2,7-dibromofluorene (0.18 mmol), 

and 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (0.18 mmol). A red product 

was obtained after drying in vacuum, with a yield of 86% (Mn=3.7×104 Da, PDI=2.3).

2.4. Pdot preparation.

Pdots were prepared by co-nanoprecipitation as described previously.2 Polymers including 

PSMA were dissolved individually in anhydrous THF at 1 mg/mL, then were mixed at 

different D:A ratios to obtain a total semiconducting polymer concentration of 0.2 mg/mL 

and a PSMA concentration of 0.04 mg/mL. 5 mL of the mixed polymers in THF was 

injected into 10 mL of MilliQ water under sonication. THF was removed by nitrogen 

stripping and the solution was concentrated to 5 mL by continuous nitrogen stripping on a 

90 °C hotplate followed by filtration through a 0.22-μm pore size cellulose nitrate syringe 

filter.

2.5. Bioconjugation.

Pdots were conjugated with streptavidin in an EDC-catalyzed reaction between Pdot 

carboxyl groups and streptavidin amine groups. 80 μL of polyethylene glycol (PEG, MW 

3350 Da, 5% w/v) and 80 μL of 1 M HEPES pH 7.4 buffer were added to 4 mL of COOH-

functionalized Pdots (50 μg/mL in MilliQ water), resulting a final HEPES concentration 

of 20 mM. 240 μL of 1 mg/mL streptavidin solution (Invitrogen; Eugene, OR, USA) was 

added and the mixture was vortexed. Freshly prepared EDC solution (80 μL, 5 mg/mL in 

MilliQ water) was added, and the solution was mixed on a rotary shaker for 3 h at room 

temperature. BSA (2% w/v, 20 μL) and Triton-X 100 (0.25% w/v, 20 μL) were added and 

the mixture was stirred for 30 min then mixed for an additional 1 h on a rotary shaker. Pdot 

bioconjugates were separated from unbound biomolecules by gel filtration with Sephacryl 

HR-300 gel media.

2.6. Cell culture.

MCF-7 breast cancer cells and Jurkat T lymphoblastoid cells were purchased from 

American Type Culture Collection (ATCC; Manassas, VA, USA). MCF-7 cells were 

cultured at 37 °C, 5% CO2 in Eagle’s minimum essential medium with 10% w/v fetal 

bovine serum (FBS; Hyclone Laboratories, Inc.; Logan, UT, USA), 50 U/mL penicillin, 

and 50 μg/mL streptomycin. The cells were cultured to confluence and were harvested by 

rinsing with culture media then incubating with 5 mL of 0.25% w/v trypsin and 0.53 mM 

EDTA at 37 °C for 5–15 min until detachment. The detached cells were rinsed, centrifuged, 

and resuspended in PBS buffer. Jurkat T lymphoblastoid cells were cultured in advanced 
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RPMI 1640 medium (Gibco / Thermo Fisher; Waltham, MA, USA) with 10% FBS, 10 mM 

HEPES, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C and 5% CO2.

For Pdot toxicity studies, BS-C-1 cells (African green monkey kidney, ATCC #CCL-26) 

were seeded on 8-well chamber slides and incubated with PFP/PFPV blue-emitting Pdots, 

PFO/PFBT-BT green-emitting Pdots, and PFO/PFBT/PFTBT-TBT red-emitting Pdots. After 

incubation of BS-C-1 cells with 50 ppm Pdots for 24 hr, the cells were studied under the 

microscope. From the fluorescence images of these cells, it can be seen these three types of 

Pdots were endocytosed by the cells. Furthermore, the cells appear healthy and continued to 

divide, consistent with our prior reports on the non-toxic nature of Pdots on cells (Figure. 

S5).2, 27

2.7. Cellular imaging.

The fluorescence images of MCF-7 cells were acquired using a confocal microscope (Zeiss 

LSM 510). The blue channel was excited by a 405 nm diode laser. An EC Plan-Neofluar 

40×/1.30 Oil DIC and a Plan-Apochromat 63×/1.40 Oil DIC objective were utilized for 

cellular imaging and subcellular imaging, respectively.

2.8. Labeling cells with Pdots for flow cytometry.

Jurkat cells were labeled with streptavidin-functionalized PFP/PFPV Pdots by incubating 

106 Jurkat T cells dispersed in labeling buffer (1xPBS, 1% BSA, 2 mM EDTA) with 

biotinylated primary anti-CD3 antibody for 30 min then with Pdot-SA (20 μg/mL) for 30 

min, with two washes with labeling buffer after each incubation. The labeled cells were 

fixed in 0.6 mL of 4% (v/v) paraformaldehyde solution. A control sample was prepared by 

omitting the biotinylated primary anti-CD3 antibody. Flow cytometry was performed with a 

BD FACS Canto II flow cytometer (BD Biosciences; San Jose, CA, USA). A 405-nm laser 

was used for excitation; emission was collected through a BV450 channel (450/50 nm). Data 

was analyzed using FlowJo software.

2.9. Labeling cells with Pdots for cell imaging.

MCF-7 cells were labeled with PFP/PFPV Pdot-SA conjugates by plating cells on a 22×22-

mm glass coverslip and culturing the cells to 60–70% confluence. The cells were fixed 

with 4% paraformaldehyde for 15 min and were blocked with BlockAid buffer for 30 min. 

The cells were then incubated with biotinylated primary anti-EpCAM antibody followed 

by 5 μg/mL Pdot-SA for 40 min each, with two washing steps after each incubation. A 

control sample was prepared by omitting the biotinylated primary anti-EpCAM antibody. 

Pdot-labeled cells were counterstained with the nuclear stain NucRed Live 647, fixed in 

0.6 mL of 4% paraformaldehyde, washed, and imaged with a Zeiss LSM 510 fluorescence 

confocal microscope.

3. RESULTS AND DISCUSSION

We initially created non-FRET PFO, PFP, and PFPV Pdots by blending each of these 

commercially available polymers with PMSA. These Pdots had an average diameter of 20–

30 nm based on DLS and TEM. As free polymers in THF solution, PFO, PFP, and PFPV 
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displayed high Ф values of 98%, 100%, and 94%, respectively. When the polymers were 

incorporated into Pdots, the absorption maxima (λabs, max) blue-shifted due to polymer coil 

formation and reduced effective conjugation length in Pdots relative to in solution (Figure 

S1).28 The PFO, PFP, and PFPV Pdots exhibited low Ф values of 13.4%, 16.9%, and 6.0%. 

The photophysical properties of these Pdots are summarized in Table 1.

When PFPV was blended with PFO or PFP to form D/A Pdots (PFO/PFPV and PFP/PFPV; 

Figure 1), the maximum quantum yield increased dramatically, from 13.4% for PFO-only 

Pdots to 43.0% for PFO/PFPV Pdots, and from 16.9% for PFP-only Pdots to 73.1% for 

PFP/PFPV Pdots. In both cases, Ф was highest at the lowest acceptor concentration tested 

(2.5 mol% of total fluorophores: A/[D+A]×100%), and decreased with increasing acceptor 

polymer concentration (Figure 2). These FRET Pdots exhibited mainly acceptor emission, 

indicating efficient FRET. The PFP/PFPV Pdots retained a high σ due to a high donor 

polymer concentration of 97.5 mol%.

The maximum Ф for PFP/PFPV Pdots (73.1%) was higher than for PFO/PFPV Pdots 

(43.0%) due to greater spectral overlap of donor emission and acceptor absorbance for PFP/

PFPV (Figure 2c–d). Coverage of donor emission by acceptor absorbance is a commonly 

used criterion for selecting D-A pairs; the coverage of acceptor absorbance by donor 

emission is sometimes overlooked but is also important for optimizing FRET efficiency. PFP 

emission provided greater coverage of PFPV acceptor absorption than did PFO emission 

(46% versus 23%). The PFP/PFPV pair also showed slightly greater coverage of donor 

emission by acceptor absorbance (89% versus 78%). The greater FRET efficiency in the 

PFP/PFPV Pdots was observed as a more rapid decrease in donor emission at 420 nm with 

increased PFPV concentration in PFP/PFPV Pdots than in PFO/PFPV Pdots (Figure 2e–f).

The difference in Pdot FRET efficiency can be understood in terms of the optical energy 

gap (Eg) for each polymer—the energy difference between ground state (S0) energy and 

excited state (S1) energy (Eg=ES0→S1),29 which corresponds to the onset of the absorption 

spectrum of the polymer in the aggregation state.30 The onset of absorption occurred at 435, 

424, and 488 nm for the PFO, PFP, and PFPV Pdots, respectively, and the corresponding 

optical energy gaps were 2.85, 2.94, and 2.56 eV for PFO, PFP, and PFPV, calculated using 

the equation Eg,opt = 1240/λonset.31 Jablonski diagrams (Figure 3) illustrate the mechanism 

of FRET in terms of electronic states and optical energy gaps.32–35 Electrons in PFP and 

PFO are excited from ground state to excited state after irradiation near the λabs, max, and 

rapidly transfer energy to the more stable lower S1 orbital through vibrational relaxation. In 

the presence of a suitable PFPV orbital, the donor fluorophore can non-radiatively transfer 

excited state energy to the acceptor through long-range dipole-dipole coupling.36 The non-

overlapping regions between the absorption of PFPV and emission of PFO and PFP are 

mainly in the ultraviolet range of the PFPV absorption band (Figure 2c–d); therefore, many 

of the high-energy PFPV chromophores cannot be excited by resonance energy transferred 

from the donor polymers.28 PFP emission provides greater coverage of the PFPV absorption 

band (46%) than PFO emission (23%). Therefore, when the amount of PFPV is low (2.5 

mol%), PFPV cannot absorb all of the energy from the PFO polymer chains through FRET. 

However, energy can be efficiently absorbed by PFPV from PFP as donor polymer because 

PFP has higher average excited states. Some energy transferred to PFPV can be transferred 
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back to the donor if the ES0→S1 of donor and acceptor are similar, which can lead to low 

FRET efficiency and energy loss due to competing aggregation-induced self-quenching of 

donors.

As free polymers in THF solution, PFO, PFP, and PFPV have extremely high Ф values (94–

100%), indicating that light absorbed by the polymers is emitted as fluorescence with little 

energy loss. However, in Pdots, self-quenching due to chain entanglement is unavoidable. 

The overall Pdot quantum yield, Ф, is equal to ФET (Energy transfer efficiency) × Фacceptor. 

Values of Фacceptor for PFO/PFPV and PFP/PFPV Pdots with 2.5 mol% PFPV were both 

90% when excited at the PFPV absorption side peak at 460 nm, indicating minimal self-

quenching of PFPV. The Фacceptor values in PFO/PFPV and PFP/PFPV Pdots decreased 

significantly with increasing PFPV concentration. Pdot σ values at λabs,max were similar 

and Фacceptor values were the same, but the overall Ф was greater for the PFP/PFPV Pdots 

than for the PFO/PFPV Pdots (Table 2), indicating greater ФET. These results demonstrate 

the importance of selecting donor-acceptor pairs with large spectral overlap—including large 

coverage of both donor emission and acceptor absorbance—to obtain ultra-bright Pdots. The 

photophysical properties of these FRET-based Pdots are shown in Table 2.

To investigate the importance of reducing aggregation-induced self-quenching in optimizing 

Ф, a polymer without absorption at the PFO λabs, max of 383 nm, poly[(2,3-dimethyl-1,4-

phenylene)-co-(1,4-phenylene)] (PF; structure in Scheme S1), was blended with PFO at 

different concentrations during Pdot synthesis. When 30 mol% PF was added, Ф increased 

from 13.4% to 71.2% despite the reduced concentration of PFO (Table 2, Figure S2).

To improve the Ф and brightness of the PFO/PFPV Pdots, PFPV was replaced with a 

different acceptor polymer, PFBT, with greater spectral overlap with PFO. Replacing PFPV 

with PFBT yielded an increase in the maximum Ф from 43.0% for PFO/PFPV Pdots to 

76.0% for PFO/PFBT Pdots; this maximum Ф value was obtained at 7.5 mol% PFBT (A/

[D+A]) (Figure S3).

To create ultra-bright red-emitting Pdots, we added a second acceptor polymer, PFTBT, 

to enable cascade FRET in a PFO/PFBT/PBTBT (D/A1/A2) Pdot. This cascade FRET 

system yielded a maximum Ф of 64.2% at 5.0% PFTBT (A2/[D+A1+A2]) and an overall 

PFO:BT:TBT molar ratio of 61:5:1, with an σR of 91.0%. The wide absorption band and 

lower optical band gap of the BT unit allowed it to effectively absorb energy from PFO 

via FRET (Table 2, Figure S3), and the TBT absorption and BT emission also overlap 

well, leading to efficient cascade FRET and ultra-bright red emission (Figure S4). Figure 4a 

summarizes the optical properties (σR, Ф, and BR) of these and other Pdots synthesized in 

this study.

To explore the application of these ultra-bright Pdots as fluorescence probes for bioanalysis 

and bioimaging, we conjugated the PFP/PFPV Pdot with streptavidin, and labeled Jurkat 

T cells with the Pdots using biotinylated anti-CD3 antibodies. We used flow cytometry to 

verify the labeling and to check for nonspecific binding (Figure 4b). The results show that 

the streptavidin-functionalized Pdots effectively labeled CD3 receptors on Jurkat T cells 

with no nonspecific labeling observed in a control sample lacking the antibody. To test 
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the PFP/PFPV Pdot in a bioimaging application, MCF-7 breast-cancer cells were labeled 

with streptavidin-functionalized Pdots and with biotinylated anti-EpCAM antibodies, and 

were imaged using confocal fluorescence microscopy (Figure 5). The results showed that 

the Pdots effectively labeled EpCAM receptors on the MCF-7 cell surface. In a control in 

which the biotinylated primary antibody was absent, no fluorescence was detected (Figure 

5a), confirming the specificity of the labeling.

4. CONCLUSIONS

We achieved ultra-bright FRET-based Pdots by use a small, optimized amount of acceptor 

polymer in D/A and D/A1/A2 (cascade FRET) Pdots, and by selecting donor-acceptor pairs 

with large coverage of both donor emission and acceptor absorbance. This approach can be 

generalized to create ultra-bright Pdots with emissions that span the visible spectrum for use 

in bioanalysis and bioimaging applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Synthesis of FRET-based Pdots. Donor (PFP or PFO) and acceptor (PFPV) polymers 

were blended with the surfactant polymer PSMA, yielding surface carboxyl groups for cell 

conjugation. (b-c) Size distributions of (b) PFO/PFP Pdots (2.5 mol% PFP) and (c) PFP/

PFPV Pdots (2.5 mol% PFPV) based on DLS (inset: TEM images).
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Figure 2. 
Ultra-bright green-emitting Pdots. (a) Quantum yield of PFO/PFPV Pdots as a function of 

PFPV concentration. Free PFO in THF is shown at the far right. (b) Quantum yield of 

PFP/PFPV Pdots as a function of PFPV concentration. Free PFP in THF is shown at the 

far right. (c) Overlap of PFO Pdot emission with PFPV Pdot absorption. The absorption 

spectrum of PFPV in THF is also shown. (d) Overlap of PFP Pdot emission with PFPV 

Pdot absorption. (e) Emission spectra of PFO/PFPV Pdots containing 2.5–20 mol% PFPV. 

(f) Emission spectra of PFP/PFPV Pdots containing 1.5–5.0 mol% PFPV.
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Figure 3. 
Jablonski diagram illustrating the mechanism of FRET in PFO/PFPV and PFP/PFPV Pdots. 

Greater FRET efficiency was observed in the PFP/PFPV Pdots than in the PFO/PFPV Pdots.
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Figure 4. 
(a) Relative absorbance cross section (σR), quantum yield (Ф), and relative brightness (BR) 

of various Pdots. (b) Flow cytometry analysis of T cells conjugated with streptavidin-PFP/

PFPV Pdots via a biotinylated anti-CD3 antibody (yellow), a negative control lacking the 

antibody (blue), and blank (unlabeled) T cells (red).
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Figure 5. 
Confocal fluorescence microscopy of MCF-7 breast-cancer cells labeled with streptavidin-

functionalized PFP/PFPV Pdots and biotinylated anti-EpCam antibody. (a) Negative 

control lacking the biotinylated primary antibody. (b) Labeling with both PFP/PFPV Pdot-

streptavidin and biotinylated primary antibody. In both sets of four images: upper left: green 

channel; upper right: differential interference contrast images; lower left: nuclear stain with 

NucRed Live 647; lower right: combined fluorescence images. Scale bars, 20 μm.
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Table 1.

Photophysical properties of non-FRET Pdots.

Pdot λabs, max
[nm]

λPL, max
[nm]

λonset
[nm]

Eg,opt
a

[eV]

Φ
[%] Size

b

[nm]

ζ potential
[meV]

PFO 383 438 451 2.75 13.4 26 −30.2

PFP 373 422 424 2.92 16.9 24 −34.5

PFPV 427 478 488 2.54 6.0 29 −29.8

a
Eg,opt (optical energy gap) = 1240/λonset.

b
Average hydrodynamic diameter based on DLS.
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Table 2.

Photophysical properties of FRET-based Pdots.

Pdot
(D/A or D/A1/A2)

λabs max
[nm]

λPL max
[nm]

Stokes shift
[nm] σR

a

[%]

Ф
[%]

Size
[nm] BR

b

[%]

PFO/PFPV-2.5 mol%
c 383 478 95 97.5 43.0 26 41.9

PFP/PFPV-2.5 mol% 373 478 105 97.5 73.1 29 71.7

PFO/PF-30.0 mol% 383 440 57 70.0 71.2 28 49.7

PFO/PFBT-BT-7.5 mol% 383 547 164 92.5 76.0 19 70.3

PFO/PFBT/PFTBT-TBT-1.5 mol% 384 630 246 91.0 64.2 23 58.2

a
σR (relative absorbance cross section) = σabs/σall.

b
BR (relative brightness) = σR × Ф.

c
Mol% values for acceptor polymer (A or A2).
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